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writing to a Scalable MRAM Element 

FIELD OF THE INVENTION 

Th is invention relates, to semiconductor memory 
devices . 

More particularly, tha present invention ralatas to 
semiconductor random access memory devices that utilise a 
magnetic field. 

BACKGROUND OF THE INVENTION 

Non -volatile m^ory devices are an extremely 

portent component in electronic systems. FLASH is the 

„i„ non-volatile memory device in uae today. Typical 

no n-volatile memory devices uae charges trapped in a 

coating oxide layer to store information. Disadvantages 

of FLASH Memory include high voltage retirements and 

«r,d erase times. Also, FLASH memory has a 
slow program and erase time... 

poor »rite endurance of 10'-!0< cycles before memory 
failure. I» addition, to maintain reasonable data 
r etention. the scaling of the gate oxide is restricted by 
the tunneling barrier seen by the electrons. Hence, 
PLAS „ memory is limited in the dimensions to „hich it can 
be scaled. 
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To overcome these shortcomings, magnetic memory 
Sevices are being evaluated. One such device is 
magnetoresistive RAM (hereinafter referred to as "MRAM" ) 
To be co^ercially practical, however. MRAM must have 
comparable memory density to current memory technolog.es, 
be scalable for future generations. operate at low 
voltages. have low power consumption, and have 
competitive read/write speeds. 

*or an MRAM device, the stability of the nonvolatile 
memory state, the repeatability of the read/write cycles, 
and the memory element-to-element switching field 
uniformity are three of the most important aspects of its 
design characteristics. A memory state in MRAM is not 
ma i„tained by power, but rather by the direction of the 
„tio moment vector. Storing data is accomplished by 
applying magnetic fields and causing a magnetic material 
in a MRAM device to be magnetised into either of two 
possible memory states. Recalling data is accomplished 
by sensing the resistive differences in the MRAM device 
between the two states. The magnetic fields for writing 
ar e created by passing currents through strip lines 
external to the magnetic struoture or through the 
magnetic structures themselves. 

RS the lateral dimension of a, MRAM device 
aecre.se.. three problems occur. First, the switching 
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field increases for . given shape and film thickness, 
requiring a larger magnetic field to switch. Second, the 
total switching volume is reduced so that the energy 
barrier for reversal decreases. The energy barrier 
5 refers to the amount of energy needed to switch the 
agnatic moment vector from one state to the other. The 
energy barrier determines the data' retention and error 
rate of the MRAM device and unintended reversals can 
occur due to thermof luctuations (superparamagnetism) if 
X0 the barrier is too small. A major problem with having a 
small energy barrier is that it becomes extremely 
difficult to selectively switch one MRAM device in an 
array. Selectablility allows switching without 

inadvertently switching other MRAM devices. finally, 
!S because the switching field is produced by shape, the 
switching field becomes more sensitive to shape 
variations as the mm device decreases in size. With 
photolithography scaling becoming more difficult at 
smaller dimensions. MRAM devices will have difficulty 
20 maintaining tight switching distributions. 

It would be highly advantageous. therefore. to 
remedy the foregoing and other deficiencies inherent in 
the prior art. 
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Accordingly, it is an object of the present 
invention to provide a new and improved method of writing 
to a magnetoresistive random access memory device. 

5 it is an object of the present invention to provide 

a new and improved method of writing to a 
magnetoresistive random access memory device which is 
highly selectable. 
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It is another object of the present invention to 
provide a new and improved method of writing to a 
magnetoresistive random access memory device which has an 
improved error rate. 

It is another object of the present invention to 
provide a new and improved method of writing to a 
magnetoresistive random access memory device which has a 
switching field that is less dependant on shape. 

SUMMARY OF THE INVENTION 



To achieve the objects and advantages specified 
above and others, a method of writing to a scalable 
magnetoresistive memory array is disclosed. The memory 
25 array includes a number of scalable magnetoresistive 
memory devices. For simplicity, we will look at how the 
writing method applies to a single MRAM device, but it 
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will be understood that the writing method applies to any 
number of MRAM devices. 

The MRAM devioe used to illustrate the writing 
5 method includes a word line and a digit line positioned 
adjacent to a magnetoresistive memory element. The 
. magnetoresistive memory element includes a pinned 
magnetic region positioned adjacent to the digit line. A 
tunneling barrier is positioned on the pinned magnetic 
10 region. A free magnetic region is then positioned on the 
tunneling barrier and adjacent to the word line. In the 
preferred embodiment, the pinned magnetic region haa a 
resultant magnetic moment vector that is fixed in a 
preferred direction. Also, in the preferred embodiment. 
U the free magnetic region includes synthetic anti- 
ferromagnetic (hereinafter referred to as "SAP") layer 
material . The synthetic anti-ferromagnetic layer 

ma terial includes M anti-ferromagnetioally coupled layers 
of a ferromagnetio material, where N is a whole number 
20 greater than or egual to two. The » layers define a 
.agnatic switching volume that can be adjusted by 
ohanging N. In the preferred embodiment, the » 

ferromagnetic layers are anti-ferromagnetically coupled 
by sandwiching an anti-ferromagnetic coupling spacer 
25 layer between each adjacent ferromagnetic layer. 

Further, each N layer has a moment adjusted to provide an 
optimized writing mode. 
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in the preferred embodiment, H is equal to two so 
that the synthetic anti -ferromagnetic layer material is a 
tri-layer structure of a ferromagnetic layer/ anti- 
ferromagnetic coupling spacer layer/ ferromagnetic layer. 
5 The two ferromagnetic layers in the tri-layer structure 
have magnetic moment vectors M, and M 2 , respectively, and 
the magnetic moment vectors are usually oriented anti- 
parallel by the • coupling of the anti- ferromagnetic 
coupling spacer layer. Anti-ferromagnetic coupling is 
10 also generated by the magnetostatic fields of the layers 
in the MRAM structure. Therefore, the spacer layer need 
not necessarily provide any additional antif erromagnetic 
coupling beyond eliminating the ferromagnetic coupling 
between the two magnetic layers. More information as to 
15 the MRAM device used to illustrate the writing method can 
be found in a copending U.S. Patent Application entitled 
"Magnetoresistance Random Access Memory for Improved 
Scalability" filed of even date herewith, and 
incorporated herein by reference. 

20 

The magnetic moment vectors in the two ferromagnetic 

layers in the MRAM device can have different thicknesses 

or material to provide a resultant magnetic moment vector 

given by M -«r*U and a sub-layer moment fractional 

(JM_ 1 ~M X ) -The resultant 

25 balance ratio, M ^- (Ml + M a ) M tatal ' 

magnetic moment vector of the tri-layer structure is free 
to rotate with an applied magnetic field. In zero field. 
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the resultant magnetic moment vector will be stable in a 
direction, determined by the magnetic anisotropy, that is 
either parallel or anti-parallel with respect to the 
- resultant magnetic moment vector of the pinned reference 
5 layer. It will be understood that the term "resultant 
magnetic moment vector" is used only for purposes of this 
description and for the case of totally balanced moments, 
the resultant magnetic moment vector can be zero in the 
absence of a magnetic field. As described below, only 
10 the sub-layer magnetic moment vectors adjacent to the 
tunnel barrier determine the state of the memory. 

The current through the MRAM device depends on the 
tunneling magnetoresistance, which is governed by the 
15 relative orientation of the magnetic moment vectors of 
the free and pinned layers directly adjacent to the 
tunneling barrier. If the magnetic moment vectors are 
parallel, then the MRAM device resistance is low and a 
voltage bias will induce a larger current through the 
20 device. This state is defined as a If the magnetic 

moment vectors are anti-parallel, then the MRAM device 
resistance is high and an applied voltage bias will 
induce a smaller current through the device. This state 
is defined as a -0-. It will be understood that these 
25 definitions are arbitrary and could be reversed, but are 
used in this example for illustrative purposes. Thus, in 
magnetoresistive memory, data storage is accomplished by 
applying magnetic fields that cause the magnetic moment 
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vectors in the MUM device to be orientated either one of 
parallel and anti-parallel direotions relative to the 
magnetic moment vector in the pinned reference layer. 

S The method of writing to the scalable MRAM device 

relies on the phenomenon of -spin-flop" for a nearly 
balanced SAF tri-layer structure. Here, the term "nearly 
balanced" is defined such that the magnitude of the sub- 
layer moment fractional balance ratio is in the range 0 < 
10 l*U * 0- 1 - spin-flop phenomenon lowers the total 

magnetic energy in an applied field by rotating the 
magnetic moment vectors of the ferromagnetic layers so 
that they are nominally orthogonal to the applied field 
direction but still predominantly anti-parallel to one 
15 smother. The rotation, or flop, combined with a small 
deflection of each ferromagnetic magnetic moment vector 
in the direction of the applied field accounts for the 
decrease in total magnetic energy. 

20 in general, using the flop phenomenon and a timed 

poise se^ence. the MR*M device can be written to using 
tw0 distinct modes,- a direct write mode or a toggle write 
mo de. These modes are achieved using the seme timed 
pulse sequence as will be described, but differ in the 

25 choice of magnetic suh-layer moment and polarity and 
magnitude of the magnetic field applied. 
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E ach writing method has its advantage. For 

example, when using the direct write mode, there is no 

need to deterge tbe initial state of tbe HKAM device 

because the state is only switched if the state being 

S written is different fro, the state that is stored. 

Although the direct writing method does not reguire 

* rt « state of the MRAM device before the 
knowledge of the state 01 u» 

writing seguence is initiated, it does retire chan.rng 
' the polarity of both the word and digit line depending on 
10 which state is desired. 

Wben using the toggle writing method, there is a 
n6 ed to determine the initial state of the »» device 
writing because the state will be switched every 
1S tim e the same polarity pulse essence is generated from 
both tne word and digit lines. *hus. the toggle wr.te 
ffi ode works by reading the stored memory state and 
comparing that, state with the new state to.be written 
^er comparison, tbe *» device is only written to xf 
the stored state and the new state are different. 

T be MRAM device is constructed such that the 
^netic anisotropy axis is ideally at a 45" angie to the 
wo rd and digit lines. Hence, the magnetic moment vectors 
M and M, are oriented in a preferred direction at a 45" 
algle to the directions of the word line and digit line 
at a time t„. As an exa^* of the writing method, to 
swi tcb the state of the **** device using either a direct 
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or toggle write, the following current pulse sequence is 
used. At a time t 4 , the word current is increased and M 3 
and M 3 begin to rotate either clockwise or 
counterclockwise, depending on the direction of the word 
current, to align themselves nominally orthogonal to the 
field direction due to the spin-flop effect. At a time 
t„ the digit current is switched on. The digit current 
flows in a direction such that * and M 3 are further 
rotated in the same direction as the rotation caused by 
the digit line magnetic field. At this point in time, 
both the word line current and the digit line current are 
on, with M t and M 3 being nominally orthogonal to the net 
magnetic field direction, which is 45° with respect to the 
current lines . 

It is important to realise that when -only one 
current is on, the magnetic field will cause J* and M a to 
align nominally in a direction parallel to either the 
word line or digit line/ However, if both currents are 
on, then * and M, will align nominally orthogonal to a 45° 
angle to the word line and digit line. 

At a time t„ the word line current is switched off, 
so that * and M 3 are being rotated only by "the digit line 
magnetic field. At this point, * and M 3 have generally 
been rotated past their hard-axis instability points. At 
a time t 4 , the digit line current is switched off and AT, 
and M 2 will align along the preferred anisotropy axis. At 
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this point in time, M s and M, have been rotated 180° and 
the MRAM device has been switched. Thus, by sequentially 
switching the word and digit currents on and off, M, and 
M, of the MRAM device can be rotated by 180' so that the 
5 state of the device Is switched. 

BRIEF DESCRIPTION OF THE DRAWINGS 

The foregoing and further and more specific objects 
10 and advantages of the instant invention will become 
readily apparent to those skilled in the art from the 
following detailed description of a preferred embodiment 
thereof taken in conjunction with the following drawings: 

15 FIG. 1 is a simplified sectional view of a 

magnetoresistive random access memory device; 

FIG. 2 is a simplified plan view of a 
magnetoresistive random access memory device with word 
20 and digit lines ; 

PIG. 3 is a graph illustrating a simulation of the 
magnetic field amplitude combinations that produce the 
direct or toggle write mode in the magnetoresistive 
25 random access memory device; 
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FIG. 4 is a graph illustrating the timing diagram o£ 
the word current and the digit current when both are 
turned on; 

5 Fig. 5 is a diagram illustrating the rotation of the 

^netic moment vectors for a magnetoresistive random 
access memory device for the toggle write mode when 
writing a '1' to a '0'; 

10 Fig. 6 is a diagram illustrating the rotation of the 

magnetic moment vectors for a magnetoresistive random 
access memory device for the toggle write mode when 
writing a '0' to a 

u FIG. 7 is a graph illustrating the rotation of the 

^netic moment vectors for a magnetoresistive random 
access memory device for the direct write mode when 
writing a '1' to a >0'; 

FIG. 8 is a graph illustrating the rotation of the 
magnetic moment vectors for a magnetoresistive randott 
acc ess memory device for the direct write mode when 
writing a '0- to a state that is already a -0' ; 

na. 9 is a graph illustrating the timing diagram of 
the word current and the digit current when only the 
digit current is turned on; and 
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FIG. 10 is a graph illustrating the rotation of the 
• magnetic moment vectors for a magnetoresistive random 
access memory device when only the digit current is 
turned on. 

5 

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENT 

Turn now to FIG - 1, which illustrates a simplified 
sectional view of an MRAM array 3 in accordance with the 
present invention. In this illustration, only a single 
magnetoresistive memory device 10 is shown, but it will 
be understood that MRAM array 3 consists of a number of 
MRM1 devices 10 and we are showing only one such device 
for simplicity in describing the writing method. 
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MRAM device 10 is . sandwiched therebetween a word 
line 20 and a digit line 30. Word line 20 and digit line 
30 include conductive material such that a current can be 
passed therethrough. In this illustration, word line 20 
is positioned on top of MRAM device 10 and digit line 30 
is positioned on the bottom of MRAM device 10 and is 
directed at a 90> angle to word line 20 (See FIG. 2). 

MRAM device 10 includes a first magnetic region 15/ 
a tunneling barrier 16, and a second magnetic region 17, 
herein tunneling barrier 16 is sandwiched therebetween 

first magnetic region 15 and second magnetic region 17. 

in the preferred embodiment, magnetic region 15 includes 
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a tri-layer structure 18, which has an anti- ferromagnetic 
coupling spacer layer 65 sandwiched therebetween two 
ferromagnetic layers 45 and 55. Anti-ferromagnetic 
coupling spacer layer 65 has a thickness 86 and 
5 ferromagnetic layers 45 and 55 have thicknesses 41 and 

51, respectively. Further, magnetic region 17 has a tri- 
layer structure 19, which has an anti-ferromagnetic 
coupling spacer layer 66 sandwiched therebetween two 
ferromagnetic layers 46 and 56. Anti-ferromagnetic 

10 coupling spacer layer 66 has a thickness 87 and 
ferromagnetic layers 46 and 56 have thicknesses 42 and 

52, respectively. 

Generally, anti- ferromagnetic coupling spacer layers 
15 65 and 66 include at least one of the elements Ru, Os, 
Re, Cr, Rh, Cu, or combinations thereof. Further, 
ferromagnetic layers 45, 55, 46, and 56 include at least 
one of elements Ni, Fe, Mn, Co, or combinations thereof. 
Also, it will be understood that magnetic regions 15 and 
20 17 can include synthetic anti-ferromagnetic layer 
material structures other than tri-layer structures and 
the use of tri-layer structures in this embodiment is for 
illustrative purposes only. For example, one such 
synthetic anti-ferromagnetic layer material structure 
25 could include a five-layer stack of a ferromagnetic 
layer/ anti-ferromagnetic coupling spacer layer/ 
ferromagnetic layer/ant i -ferromagnetic coupling spacer 
layer/ ferromagnetic layer structure. 
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Ferromagnetic layers 45 and 55 each have a magnetic 
moment vector 57 and 53, respectively, that are usually 
held anti-parallel by coupling of the anti- ferromagnetic 
coupling spacer layer 65. Also, magnetic region 15 has a 
resultant magnetic moment vector 40 and magnetic region 
17 has a resultant magnetic moment vector 50. Resultant 
magnetic moment vectors 40 and 50 are oriented along an 
anisotropy easy-axis in a direction that is at an angle, 
preferably 45°, from word line 20 and digit line 30 (See 
FIG. -2) . Further, magnetic region 15 is a free 
ferromagnetic region, meaning that resultant magnetic 
moment vector 40 is free to rotate in the presence of an 
applied magnetic field. Magnetic region 17 is a pinned 
ferromagnetic region, meaning that resultant magnetic 
moment vector 50 is not free to rotate in the presence of 
a moderate applied magnetic field and is used as the 
reference layer. 

While anti-ferromagnetic coupling layers are 
illustrated between the two ferromagnetic layers in each 
tri-layer structure 18, it will be understood that the 
ferromagnetic layers could be anti-f erromagnetically 
coupled through other means, such as magnetostatic fields 
or other features. For example, when the aspect ratio of 
a cell is reduced to five or less, the ferromagnetic 
layers are anti-parallel coupled from magnetostatic flux 
closure . 



15 



WO 03/034437 



PCT/US02/30437 



Ih the preferred embodiment , MRAM device 10 has tri- 
layer structures 18 that have a length/width ratio in a 
range of 1 to 5 for a non-circular plan. However, we 
-illustrate a plan that is circular (See FIG. 2). MRAM 
device 10 is circular in shape in the preferred 
embodiment to minimize the contribution to the switching 
field from shape anisotropy and also because it is easier 
to use photolithographic processing to scale the device 
to smaller dimensions laterally. However, it will be 
understood that MRAM device 10 can have other shapes, • 
such as square, elliptical, rectangular, or diamond, but 
is illustrated as being circular for simplicity and 
improved performance. 

Further, during fabrication of MRAM array 3, each 
succeeding layer (i.e. 30, 55, 65, etc.) is deposited or 
otherwise formed in sequence and each MRAM device 10 may 
be defined by selective deposition, photolithography 
processing, etching, etc. in any of the techniques known 
in the semiconductor industry. During deposition of at 
least the ferromagnetic layers 45 and 55, a magnetic 
field is provided to set a preferred easy magnetic axis 
for this pair (induced anisotropy). The provided 
magnetic field creates a preferred anisotropy axis for 
magnetic moment vectors 53 and 57. The preferred axis is 
chosen to be at a 45° angle between word line 20 and digit 
line 30, as will be discussed presently. 
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Turn now to FIG . 2, which illustrates a simplified 
plan view of a MRAM array 3 in accordance with the 
present invention. To simplify the description of MRAM 
5 device 10, all directions will be referenced to an x- and 
y-coordinate system 100 as shown and to a clockwise 
rotation direction 94 and a counter-clockwise rotation 
direction 96. To further simplify the description/ it is 
again assumed that N is equal to two so that MRAM device 
10 10 includes one tri-layer structure in region 15 with 
magnetic moment vectors 53 and 57, as well as resultant 
magnetic moment vector 40. Also, only the magnetic 
moment vectors of region 15 are illustrated since they 
will be switched. 

15 

To illustrate how the writing methods work, it is 
assumed that a preferred anisotropy axis for magnetic 
moment vectors 53 and 57 is directed at a 45° angle 
relative to the negative x- and negative y-directions and 

20 at a 45° angle relative to the positive x- and positive y- 
directions. As an example, FIG. 2 shows that magnetic 
moment vector 53 is directed at a 45° angle relative to 
the negative x- and negative y-directions. Since 
magnetic moment vector 57 is generally oriented anti- 

25 parallel to magnetic moment vector 53, it is directed at 
a 45° angle relative to the positive x- and positive in- 
directions. This initial orientation will be used to 
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s *ow espies of the writing methods, a, will be 
discussed presently. 

In the preferred entoodiment, a word current 60 is 
5 defined as bein 3 positive if flowing in a positive 

direction and a digit current 70 is defined as being 
positive if flowing in a positive y-direction. *he 
purpose of word line 20 and digit line 30 is to create a 
.agnatic field within M**M device 10. A positive word 
10 current 60 will induce a circumferential word magnetic 
field. H. 80, and a positive digit current 70 will induce 
a circumferential digit magnetic field, * 90. Since word 
line 20 is above MSAM device 10. in the plane of the 
element. H. 80 will be applied to MR*« device 10 in the 
positive y -direction for a positive word current 60. 
Similarly, since digit line 30 is below MRAM device 10, 
in the plane of the element. B. 90 will be applied to «R*M 
device 10 in the positive .-direction for a positive 
digit current 70. It will be understood that the 
definitions for positive and negative current flow are 
arbitrary and are defined here for illustrative purposes. 
The effect of reversing the current flow is to change the 
direction of the maflnetic field induced . within MW. 
device 10. The behavior of a current induced magnetic 
£i eld is well Known to those skilled in the art and will 
not be elaborated upon further here. 
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Turn now to FIG. 3, which illustrates the simulated 
switching behavior of a SAF tri-layer structure. The 
simulation consists of two single domain magnetic layers 
that have close to the same moment (a nearly balanced 
5 SAF) with an intrinsic anisotropy, are coupled anti- 
ferromagnetically, and whose magnetization dynamics are 
described by the Landau-Lif shitz equation. The x-axis is 
the word line magnetic field amplitude in Oersteds, and 
the y-axis is the digit line magnetic field amplitude in 
10 Oersteds. The magnetic fields are applied in a pulse 
sequence 100 . as shown in FIG. 4 wherein pulse sequence 
100 includes word current 60 and digit current 70 as 
functions of time. 

15 There are three regions of operation illustrated in 

FIG. 3. In a region 92 there is no switching. For MRAM 
operation in a region 95, the direct writing method is in 
effect. When -using the direct writing method, there is 
no need to determine the initial state of the MRAM device 

20 because the state is only switched if the state being 
• written is different from the state that is stored. The 
selection of the written state is determined by the 
direction of current in both word line 20 and digit line 
30. For example, if a *!' is desired to be written, then 

25 the direction of current in both lines will be positive. 

If a »1' is already stored in the element and a »1' is 
being written, then the final state of the MRAM device 
will continue to be a Further, if a »0' is stored 

19 
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and a '1' is being written with positive currents; then 
the final state of the MRAM device will be a »1* . 
Similar results are obtained when writing a »0' by using 
negative currents in both the word and digit lines. 
Hence, either state can be programmed to the desired *1* 
or *0' with the appropriate polarity of current pulses, 
regardless of its initial state. Throughout this 
disclosure, operation in region 95 will be defined as 
"direct write mode". 

For MRAM operation in a region 97, the toggle 
writing method is in effect. When using the toggle 
writing method, there is a need to determine the initial 
state of the MRAM device before writing because the state 
is switched every time the MRAM device is written to, 
regardless of the direction of the currents as long as 
the same polarity current pulses are chosen for both word 
line 20 and digit line 30. For example, if a »1» is 
initially stored then the state of the device will be 
switched to a k 0' after one positive current pulse 
sequence is flowed through the word and digit lines. 
Repeating the positive current pulse sequence on the 
stored »0' state returns it to a '1'. Thus, to be able 
to write the memory element into the desired state, the 
initial state of MRAM device 10 must first be read and 
compared to the state to be written. The reading and 
comparing may require additional logic circuitry, 
including a buffer for storing information and a 
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comparator for comparing memory states. MRAM device 10 
is then written to only if the stored state and the state 
to be written are different. One of the advantages of 
this method is that the power consumed is lowered because 
5 only the differing bits are switched. An additional 
advantage of using the toggle writing method is that only 
uni -polar voltages are required and, consequently, 
smaller N-channel transistors can be used to drive the 
MRAM device. Throughout this disclosure, operation in 
10 region 97 will be defined as "toggle write mode". 

Both writing methods involve supplying currents in 
word line 20 and digit line 30 such that magnetic moment 
vectors 53 and 57 can be oriented in one of two preferred 
15 directions as discussed previously. To fully elucidate 
the two switching modes, specific examples describing the 
time evolution of magnetic moment vectors 53, 57, and 40 
are now given. 

20 Turn now to FIG. 5 which illustrates the toggle 

write mode for writing a '1' to a »0' using pulse 
sequence 100. In this illustration at time t 8 , magnetic 
moment vectors 53 and 57 are oriented in the preferred 
directions as shown in FIG. 2. This orientation will be 

25 defined as a »1* . 

At a time t x , a positive word current 60 is turned 
on. which induces 80 to be directed in the positive y- 
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direction. The effect of positive 80 is to cause the' 
nearly balanced ant i -aligned MRAM tri-layer to "FLOP" and 
become oriented approximately 90° to the applied field 
direction. The finite anti -ferromagnetic exchange 

5 interaction between ferromagnetic layers 45 and 55 will 
allow magnetic moment vectors 53 and 57 to now deflect at 
a small angle toward the magnetic field direction and 
resultant magnetic moment vector 40 will subtend the 
angle between magnetic moment vectors 53 and 57 and will 
10 align with H. 80. .Hence, magnetic moment vector 53 is 
rotated in clockwise direction 94. Since resultant 
magnetic moment vector 40 is the vector addition of 
magnetic moment vectors 53 and 57, magnetic moment vector 
57 is also rotated in clockwise direction 94. 

15 

At a time t 3 , positive digit current 70 is turned on, 
which induces positive H 0 90. Consecfuently, resultant 
magnetic moment vector 40 is being simultaneously 
directed in the positive y-direction by 80 and the 

20 positive x-direction by Hp 90, which has the effect of 
causing effective magnetic moment vector 40 to further 
rotate in clockwise direction 94 until it is generally 
oriented at a 45° angle between the positive x- and 
positive y-directions . Consequently, magnetic moment 

25 vectors 53 and 57 will also further rotate in clockwise 
direction 94. 
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At a time t a , word current 60 is turned off so that 
now only H„ 90 is directing resultant magnetic moment 
vector 40, which will now be oriented in the positive x- 
direction. Both magnetic moment vectors 53 and 57 will 
now generally be directed at angles passed their 
anisotropy hard-axis instability points. 

At a time t«, digit current 70 is turned off so a 
magnetic field force is not acting upon resultant 
magnetic moment vector 40. Consequently, magnetic moment 
vectors 53 and 57 will become oriented in their nearest 
preferred directions to minimize the anisotropy energy, 
in this case, the preferred direction for magnetic moment 
vector 53 is at a 45° angle relative to the positive y- 
and positive x-directions . This preferred direction is 
also 180° from the initial direction of magnetic moment 
vector 53 at time t fl and is defined as '0'. Hence, MRAM 
device 10 has been switched to a 4 0'. It will be 
understood that MRAM device 10 could also be switched by 
rotating magnetic moment vectors 53, 57, and 40 in 
counter clockwise direction 96 by using negative currents 
in both word line 20 and digit line 30, but is shown 
otherwise for illustrative purposes. 

Turn now to PIG. 6 which illustrates the toggle 
write mode for writing a v 0' to a '1' using pulse 
sequence 100. Illustrated are the magnetic moment 
vectors 53 and 57, as well as resultant magnetic moment 
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vector 40, at each of the times t 0 , t 4 , t 2 , t 3 , and t fl as 
described previously showing the ability to switch the 
state of MRAM device 10 from x 0' to 1' with the same 
current and magnetic field directions. Hence, the state 
5 of MR&M device 10 is written to with toggle write mode, 
which corresponds to region 97 in FIG. 3. 

For the direct write mode, it is assumed that 
magnetic moment vector 53 is larger in magnitude than 

10 magnetic moment vector 57, so that magnetic moment vector 
40 points in the same direction as magnetic moment vector 
53, but has a smaller magnitude in zero field. This 
unbalanced moment allows the dipole energy, which tends 
to align the ' total moment with the applied field, to 

15 break the symmetry of the nearly balanced SAF. Hence, 
switching can occur only in one direction for a given 
polarity of current. 

Turn now to FIG. 7 which illustrates an example of 
20 writing a *1' to a *0' using the direct write mode using 
pulse sequence 100. Here again, the memory state is 
initially a '1' with magnetic moment vector 53 directed 
45 B with respect to the negative x- and negative y- 
directions and magnetic moment vector 57 directed 45 a 
25 with respect to the positive x- and positive y- 
directions. Following the pulse sequence as described 
above with positive word current GO and positive digit 
current 70, the writing occurs in a similar manner as the 
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toggle write mode as described previously- Note that the 
moments again 'FLOP' at a time t a , but the resulting angle 
is canted from 90 a due to the unbalanced moment and 
anisotropy. After time t 4 , MRAM device 10 has been 
5 switched to the *0' state with resultant magnetic moment 
40 oriented at a 45" angle in the positive x- and 
positive y-directions as desired. Similar results are 
obtained when writing a % 0' to a »1» only now with 
negative word current 60 and negative digit current 70 . 

10 

Turn now to FIG. 8 which illustrates an example of 
writing using the direct write mode when the new state is 
the same as the state already stored. In this example, a 
l 0' is already stored in MRAM device 10 and current pulse 

15 sequence 100 is now repeated to store a *0'. Magnetic 
moment vectors 53 and 57 attempt to "FLOP" at a time t 1# 
but because the unbalanced magnetic moment must work 
against the applied magnetic field, the rotation is 
diminished. Hence, there is an additional energy barrier 

20 to rotate out of the reverse state. At time t,, the 
dominant moment 53 is nearly aligned with the positive x- 
axis and less than 45* from its initial anisotropy 
direction. At a time t s , the magnetic field is directed 
along the positive x-axis. Rather than rotating further 

25 clockwise, the system now lowers its energy by changing 
the SAF moment symmetry with respect to the applied 
field. The passive moment 57 crosses the x-axis and the 
system stabilizes with the dominant moment 53 returned to 
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near its original direction. Therefore, at a time t 4 when 
the magnetic field is removed, and the state stored in 
MRAM device 10 will remain a '0'. This sequence 
illustrates the mechanism of the direct write mode shown 
5 as region 95 in Fig. 3. Hence, in this convention, to 
write a l 0' requires positive current in both word line 
60 and digit line 70 and, conversely, to write a »1' 
negative current is required in both word line 60 and 
digit line 70. 

10 

If larger fields are applied, eventually the energy 
decrease associated with a flop and scissor exceeds- the 
additional energy barrier created by the dipole energy of 
the unbalanced moment which' is preventing a toggle event. 
15 At this point, a toggle event will occur and . the 
switching is described by region 97. 

Region 95 in which the direct write mode applies can 
be expanded, i.e. toggle mode region 97 can be moved to 

20 higher magnetic fields, if the times t, and t 4 are equal 
or made as close to equal as possible. In this case, the 
magnetic field direction starts at 45° relative to the bit 
anisotropy axis when word current 60 turns on and then 
moves to parallel with the bit anisotropy axis when digit 

25 current 70 turns on. This example is similar to the 
typical magnetic field application sequence. However, 
now word current 60 and digit current 70 turn off 
substantially simultaneously, so that the magnetic field 
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direction does not rotate any further. Therefore, the 
applied field must be large enough so that the resultant 
magnetic moment vector 40 has already moved past its 
hard-axis instability point with both word current 60 and 
5 digit current 70 turned on. A toggle writing mode event 
is now less likely to occur, since the magnetic field 
direction is now rotated only 45°, instead of 90° as 
before . An advantage of having substantially coincident 
fall times, t s and t 4 , is that now there are no additional 
10 restrictions on the order of the field rise times t t and 
t 2 . Thus, the magnetic fields can be turned on in any 
order or can also be substantially coincident. 

The writing methods described previously are highly 
15 selective because only the MRAM device that has both word 
current 60 and digit current 70 turned on between time t a 
and time t 3 will switch states. This feature is 
illustrated in FIGS. 9 and 10. FIG. 9 illustrates pulse 
sequence 100 when word current 60 is not turned on and 
20 digit current 70 is turned on. FIG. 10 illustrates the 
corresponding behavior of the state of MRAM device 10. 
At a time t 0 , magnetic moment vectors 53 and 57, as well 
as resultant magnetic moment vector 40, are oriented as 
described in FIG. 2. In pulse sequence 100, digit 
25 current 70 is turned on at a time t 4 . During this time, 
H„ 90 will cause resultant magnetic moment vector 40 to be 
directed in the positive jc-direction . 

27 
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Since word current 60 is never switched on. 
resultant magnetic moment vectors 53 and 57 are never 
rotated throng their anisotrcpy hard-axis instability 
points. As a result, magnetic moment vectors 53 and 57 
5 will reorient themselves in the nearest preferred 
direction when digit current 70 is turned off at a time 
t„ which in this case is the initial direction at time 
t.. Hence, the state of MRAM device 10 is not switched. 
It will be understood that the same result will occur if 
» word current 60 is turned on at similar times described 
above and digit current 70 is not turned on. This 
feature ensures that only one «BZ* device in an array 
will be switched, while the other devices will remain in 
their initial states. As a result, unintentional 
IS switching Is avoided and the bit error rate is minimized. 

various changes and modifications . to the embodiments 
fcerein chosen for purposes of illustration will readily 
occur to those skilled in the art. To the extent that 
suc h modifications and variations do not depart from the 
spirit of the invention, they are intended to be included 
within the scope thereof which is assessed only by a fair 
interpretation of the following claims. 

Having fully described the invention in such clear 
and concise terms as to enable those skilled in the art 
to understand and practice the same, the invention 
claimed is : 
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CLAIMS 



1. A method of switching a raagnetoresistive memory 
device comprising the steps of: 
5 providing a magnet ores i stive memory element 

adjacent to a first conductor and a second conductor 
wherein the magnetoresistive memory element includes a 
first magnetic region and a second magnetic region 
separated by a tunneling barrier, at least one of the 

10 first and second magnetic regions include N ferromagnetic 
material layers that are anti-f erromagnetically coupled, 
. where N is an integer equal to at least two, and where 
each layer has a magnetic moment adjusted to provide a 
writing mode, and also each of tne first and second 

15 magnetic regions has a magnetic moment vector adjacent to 
the tunneling barrier oriented in a preferred direction at 
a time t 0 ; 

turning on a first current flow through the 
first conductor at a time t x ; 
20 turning on a second current flow through the 

second conductor at a time t a ; 

turning off the first current flow through the 
first conductor at a time t 3 ; and 

turning off the second current flow through the 
25 second conductor at a time t 4 so that one of the magnetic 
moment vectors adjacent to the tunneling barrier is 
oriented in a direction different from the initial 
preferred direction at the time t 0 . 
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2 . A method of switching a magn e tores is tive memory 
device as claimed in claim 1 wherein a sub-layer magnetic 
moment fractional balance ratio of the one of the first 
5 and second magnetic regions is in the range 0 £ l-M^j £ 
0.1. 

3 . A method of switching a magnetoresistive memory 
device as claimed in claim 1 wherein the times t 6/ t lt t a , 

10 t 3 , and t t are such that t^t^^t^t,. 

4 . A method of switching a magnetoresistive memory 
device as claimed in claim 1 further including the step of 
orientating the first and second conductors at a 90° angle 

15 relative to each other. 

5 . A method of switching a magnetoresistive memory 
device as claimed in claim 1 further including the step of 
setting the preferred direction at the time t 0 to be at a 

20 non-zero angle to the first and second conductors. 

6. A method of switching a magnetoresistive memory 
device as claimed in claim 1 wherein the steps of turning 
on the first and second current flows in the first and 

25 second conductors, respectively , includes using a combined 
current magnitude that is large enough to cause the 
magnetoresistive memory element to switch. 
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7 . A method of switching a magnetoresistive memory 
device as claimed in claim 1 wherein the N layers of 
ferromagnetic material are separated by an anti- 

5 ferromagnetic coupling material to provide the anti- 
ferromagnetic coupling. 

8 . A method of switching a magnetoresistive memory 
device as claimed in claim 7 wherein the step of providing 

10 the magnetoresistive memory element includes using at 

least one of Ru r Os, Re, Cr, Rh, and Cu or combinations 
and compounds thereof in the anti-ferromagnetic coupling 
material . 

15 9. A method of switching a magnetoresistive memory 

device as claimed in claim 7 wherein the anti- 
f erromagnetic coupling material has a thickness in a range 
of 4 A to 30 A. 

20 10. A method of switching a magnetoresistive memory 

device as claimed in claim 1 wherein the step of providing 
the magnetoresistive memory element includes using one of 
Ni, Fe, Mn, Co, and combinations thereof, in the 
ferromagnetic material . 

25 
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11 . A method of switching a magnet or esistive memory 
device as claimed in claim 10 wherein the step of 
providing the magnetoresistive memory element includes 
providing each of the N layers of ferromagnetic material 

5 with a thickness between 15 A and 100 A. 

12. A method of switching a magnetoresistive memory 
device as claimed in claim 1 including in addition a step 
of providing the magnetoresistive memory element with a 

10 substantially circular cross section. 

13 . A method of switching a magnetoresistive memory 
device as claimed in claim 1 including in addition a step 
of scaling the volume by increasing N such that the volume 

15 remains substantially constant or increases and a magnetic 
moment fractional balance ratio of the one of the first 
and second magnetic regions remains constant as the 
magnetoresistive memory element is scaled laterally to 
smaller dimensions. 

20 

14. A method of switching a magnetoresistive memory 
device as claimed in claim 1 including in addition a step 
of adjusting the magnetic moment of the N layers so that a 
magnetic field needed to switch the magnetic moment 

25 vectors remains substantially constant as the device is 
scaled laterally to smaller dimensions. 
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15. A method of switching a magna tores is tive memory 
device as claimed in claim 1 wherein the step of providing 
the writing mode includes adjusting the moment of each 
layer of the N layers to provide a direct write mode at an 
5 operating current' such that the current in each of the 
first and second conductors is pulsed with a positive 
polarity to write a state and the current in both of the 
first and second conductors is pulsed with a negative 
polarity to reverse the state. 

10 

16. A method of switching a magnetoresistive memory 
device as claimed in claim 15 wherein the time t, is 
approximately equal to t 4 so that the magnetoresistive 
memory device operates in the direct write mode at the 

15 operating current. 

17. A method of switching a magnetoresistive memory 
device as claimed in claim 16 wherein the time t, is 

• approximately equal to t a so that the magnetoresistive 
20 memory device operates in the direct write mode at the 
operating current. 
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18. A method of switching a magnetoresi stive memory 
device as claimed in claim 1 wherein the step of providing 
the writing mode includes adjusting the moment of each 
layer of the N layers to provide a toggle write mode at an 

5 operating current such that the current in each of the 
first and second conductors is pulsed with a same polarity 
to write a state and the current in both of the first and 
second conductors is pulsed with the same polarity to 
reverse the state . 

10 

19. A method of switching a magnetoresi stive memory 
device as claimed in claim 18 including in addition steps 
of reading the magnetoresistive memory device to obtain 
stored information and comparing the stored information to 

15 program information to be written prior to the steps of 
turning on and turning off the first and second current 
flows . 

20. A method of switching a magnetoresistive memory 
20 device as claimed in claim 18 including in addition steps 

of providing the first and second current flows by using 
unipolar direction currents. 



34 

- 36 - 



3.4oo236i i mm 

WO 03/034437 



PCT/US02/30437 



10 



21. A method of switching a magnet ores is tive memory 
device comprising the steps of: 

providing a magnetoresistive memory element 
adjacent to a first conductor and a second conductor 
wherein the magnetoresistive memory element includes a 
pinned magnetic region and a free magnetic region 
separated by a tunneling harrier, the free magnetic region 
includes N anti-ferromagnetically coupled layers of a 
ferromagnetic material, where N is an integer greater than 
or equal to two, and where the N layers define a volume 
and each layer of the N layers has a moment adjusted to 
• provide a writing mode, and wherein a sub-layer magnetic 
moment fractional balance ratio of the one of the first 
and second magnetic regions is in a range 0 * |«J * 
0.1, and the free magnetic region has a magnetic moment 
vector adjacent to the tunneling barrier oriented in a 
preferred direction at a time t d ; and 

applying a word current pulse to one of the 
first and second conductors at a time t, and turning off 
, the word current pulse at a time t 3 while additionally 
applying a digit line current pulse to another of the 
first and second conductors at a time t, and turning off 
the digit line current pulse at a time t 4 , wherein 
t <t x <t 8 <t,<t 4 so that the magnetic moment vector of the free 
5 magnetic region adjacent to the tunneling barrier at the 
time t, is oriented in a direction different from the 
initial preferred direction at the time t 0 . 
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22 . A method of switching a magnet ore si stive device 
comprising the steps of: 

providing a magnetoresistive device adjacent to 
a first conductor and a second conductor wherein the 
5 magnetoresistive device includes a free magnetic region 
and a fixed magnetic region separated by a tunneling 
barrier, the free magnetic region including an N layer 
synthetic ant i -ferromagnetic structure that defines a 
volume, where N is an integer greater than or equal to 
10 two, the N layer synthetic anti- ferromagnetic structure 
includes anti-f erromagnetically coupled ferromagnetic 
layers with an magnetic moment vector adjacent the 
tunneling barrier oriented in a preferred direction at a 
time t B , and the N layer synthetic anti-ferromagnetic 
15 structure is adjusted to provide a toggle write mode; 

reading an initial state of the magnetoresistive 
memory device and comparing the initial state with a new 
state to be stored in the magnetoresistive memory device,' 
and 

20 applying a word current pulse, . only if the 

initial state and the new state to be stored are 
different, to one of the first and second conductors at a 
time tj and turning off the word current pulse at a time t a 
while additionally applying a digit line current pulse to 

25 another of the first and second conductors at a time t 2 and 
turning off the digit line current pulse at a time t 4 . 
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